The results of an ensemble Monte Carlo (MC) particle modeling of vertical electron transport and capture processes in AlGaAs/GaAs multiple quantum well infrared photodetectors (QWIPs) are presented. The MC model employed takes into account features of the conduction band structure, the electron scattering parameters, and the interaction (reflection, transmission and capture) of free electrons with the QWs. It is shown that the heating of free electrons and their redistribution over the conduction band valleys under the influence of electric field play an essential role in both the transport processes and the capture into bound states in the QWs. The electron drift velocity and macroscopic capture parameter are calculated as functions of the structural parameters and applied electric field. The capture parameter exhibits a pronounced drop with increasing electric field due to a significant decrease of the fraction of electrons with energies less than the optical phonon energy.
Introduction
The mechanisms of vertical electron transport in quantum well (QW) structures (transport in the growth direction) and the capture processes are of fundamental importance for the design and optimization of electronic and photonic devices. Such mechanisms particularly affect characteristics of QW lasers (QWLs) 1) and infrared intersubband photodetectors.
2)
The steady-state and high-frequency characteristics of QW infrared photodetectors (QWIPs) are directly determined by the electron drift velocity and the probability of electron capture into the QWs. [2] [3] [4] [5] [6] [7] [8] The dependence of the drift velocity and the capture rate on the electric field strongly influences the spatial electric-field distribution in QWIPs with multiple QWs. 6, 9, 10) The capture processes in QW structures under conditions common to QWLs, where the electric field is usually weak, have been extensively studied. [11] [12] [13] [14] [15] [16] [17] [18] [19] The electron distributions in QWLs are near quasiequilibrium due to the high concentration of the electron-hole plasma. Even in the case when the electron and hole injection results in some heating of the electron-hole plasma in the QWL active region, the electron (hole) effective temperature is moderate. As a result, a dominant part of the electrons occupies the lowest conduction band valley. Thus, in devices like QWLs, the efficiency of the capture processes depends mainly on the microscopic probability of the electron transitions between the continuum states above the barriers into the bound states in the QWs. Such probabilities have been calculated in many papers for phonon-assisted transitions, indirect transitions via the impurities in the barriers, and transitions involving electronelectron interaction (see, for example, ref. 15 and references therein). In contrast to QWLs, the electric field in QWIPs under operation is, as a rule, rather strong.
2) This, coupled with low concentration of electrons in the continuum states (free electrons) and reduced operating temperature, can lead to substantially nonequilibrium distributions of electrons over the energies and throughout the conduction band valleys. This, in turn, results in nonlinear drift velocity-field relations, which can be different from the relations for bulk materials. As the main mechanism of the electron capture is associated with the emission of optical phonons, the capture rate is determined not only by the microscopic probability of the phononassisted transition, but, to a greater extent, by the fraction of capture parameter (probability) introduced by Liu, 3) and their field dependences determine the QWIP performance. A MC study of transport and capture effects in QWIPs was initiated ed by Artaki and Kizilyalli several years ago. 23) In our recent papers, [24] [25] [26] MC modeling was also used to investigate non-equilibrium phenomena in QWIPs. This paper presents further developments of the QWIP model [24] [25] [26] and extents the results regarding nonlinear vertical electron transport and capture processes.
Model
We examine conventional QWIPs fabricated from AlGaAs/ GaAs structures which comprise a number of donor-doped QWs separated by relatively thick undoped interwell barriers 2) under applied voltage creating an electric field perpendicular to the QW plane. The QWIP parameters are chosen to provide operation utilizing the bound-to-continuum electron transitions. The number of QWs is assumed to be large. In QWIPs with a large number of QWs, the role of the contacts is not essential, and, usually, the electric field in the bulk of the QWIP structure is uniform. 9, 10, 27) The electron transport of free electrons (electrons in the continuum states above the interwell barriers) is examined on the basis of the -, L-, and X-valleys conduction band model. free electrons having the energy less than the optical phonon energy. 20) In this case, the effect of the electric field associated with the electron heating can be much stronger than that pertaining to the influence of the electric field on the continuumto-bound transition probability. The effect of the electric field on the phonon-assisted microscopic capture probability has not yet studied in detail. The currently available data (see, for example, refs. 5 and 21) show that this probability is a smooth function of the electric field. Because of this, a study of the influence of the redistribution of electrons over the energies on the parameters of the capture processes in QWIPs would be useful for understanding the experimentally observed strong field dependences of such parameters. 22) In this paper, we study electron nonequilibrium effects in QWIPs with multiple QWs using an ensemble Monte Carlo (MC) method. We calculate the dependences of the vertical electron drift velocity v d and the macroscopic capture parameter p c on the applied electric field directed perpendicular to the QW plane. The drift velocity, as well as the macroscopic cited level in the QW coincides with the barrier top. This corresponds to L w 5 nm. The Al 0.22 Ga 0.78 As layers (interwell barriers) were chosen to be in the range The model accounts for the nonparabolicity of the electron spectrum and all significant scattering mechanisms. The parameters of the band structure and scattering are taken from Brennan et al. 28) and adjusted to T = 77 K. The interaction of free electrons with the QWs is described in terms of the reflection, transmission, and capture processes with the probabilities r, t, and c (with r + t + c = 1). An electron is considered captured if it transfers from a continuum state into a bound state in the QW with the energy below barrier top. We consider the optical phonon emission to be the main process resulting in the electron capture. The microscopic capture probability c can, in principle, be taken from the results of previous calculations. 11, 15, 17, 21) However, due to controversy in the data calculated by different authors we prefer to use c as a fitting parameter. This value is taken to be in the range corresponding to the results of direct experiments by Gerard et al. 20) The probabilities r and t are calculated by Zakharova and one of the present authors 29) using the Kane model. 30) In the situation under consideration, when electrons acquire significant energy in the electric field, their interaction with optical phonons limits the electron inelastic free path (see §4) and, hence, limits the electron coherence length, to values less than the barrier thickness (the electron free path is directly obtained from the simulations). This allows us to neglect the quantum interference effects in the model employed.
Notwithstanding a profound effect of the electric field on the electron dynamics in the barriers, it is assumed that the effect of the electric field on the interaction of an electron with an isolated QW, associated with an asymmetry of the latter induced by the field, is weak (see, for example, Thibaudeau and Vinter 21) ). For our MC simulations an ensemble of 50,000 particles (electrons) was used. To obtain such QWIP characteristics as vertical drift electron velocity v d and macroscopic capture parameter p c as functions of applied electric field under steady-state conditions, the balance of the captured electrons and the electrons emitted from the QWs should be taken into account. For this purpose, the electrons captured in each QW are replaced in the MC calculations by the electrons emitted from the same QW. The emitted electrons are generated in the vicinity of the QW. Their electron distribution is assumed to exhibit an isotropic Maxwellian distribution with the lattice temperature. This procedure models the current flow in dark current conditions. The same procedure can be applied in the case of illumination if the energy of the photoexcited electrons does not exceed k B T (k B is the Boltzmann constant). If the photon energyhω is significantly larger than the photoexcitation threshold ε i , the Maxwellian distribution should be substituted with a proper one with the characteristic energȳ hω − ε i . The calculations of the electron drift velocity and the macroscopic capture parameter are carried out when the distribution of electrons reaches equilibrium (after several picoseconds). This enables us to exclude the contribution of the velocity overshoot effect. [24] [25] [26] 
Results
The QWIPs under consideration have a large number (up to N = 100) of Al 0.22 Ga 0.78 As/GaAs periods. The thickness L w of the GaAs layers (QWs) was chosen so that the electron spectrum in each QW has a single energy subband of the bound states. Moreover, it is assumed that the first ex- experiments. 31) As can be seen, the vertical electron drift velocity in an Al 0.22 Ga 0.78 As/GaAs QWIP is markedly lower than the drift velocity in bulk Al 0.22 Ga 0.78 As materials even with fairly high doping levels in the entire range of the electric fields under consideration. The vertical electron mobilities calculated for QWIPs at T = 77 K are in the range µ (1.0-1.5) × 1000 cm 2 /V·s, which are not unreasonable. 32, 33) Figures 1 and 2 demonstrate that the vertical saturation velocities for QWIPs with different parameters are approximately equal to 10 7 cm/s. The calculated vertical mobilities and velocities in QWIPs (for T = 77 K) are somewhat below the values obtained from experiments 22) at T = 15 K. According to the simulation results, the fact that the drift velocity in AlGaAs/GaAs QW structures is smaller than that in AlGaAs bulk samples is attributable to the quantummechanical reflection of the -electrons from the QWs and, particularly to the classical reflection of the X-electrons from the barriers formed by the GaAs layers, i.e., AlGaAs/GaAs interfaces. The variation of the donor concentration of more than one order of magnitude results in a markedly smaller decrease in the drift velocity (see Figs. 1 and 2 ).
As shown in Fig. 1 , the vertical drift velocity changes (slightly) in the range of low electric fields with changes in the parameter c. This is because of some variation of theelectron reflection from the QWs when c changes. The increase of the parameter c results in the decrease of the reflection probability due to the equation r + t = 1 − c and an exacting relationship between r and t. Thus, the fraction of the -electrons reflected decreases with increasing c. Every capture of an electron into the QW followed by the emission of an electron from the QW leads, on average, to a smaller variation of the electron momenta than the reflection backwards does. Hence, as the capture probability increases, the -electron momentum relaxation becomes weaker. The fraction of low-energy -electrons which can be captured drops with increasing electric field (see below), and the velocityfield relation tends to be independent of the parameter c, as seen in Fig. 1 . Figure 2 shows the distinctions between v d -E relations for QWIPs with different barrier thicknesses. The decrease of the electron mobility and the saturation velocity with reducing barrier thickness seen in Fig. 3 can be explained by the increase of the frequency of electron collisions with QWs.
To determine the p c we calculate the
Considering that in this case, j = ev d n, where n is the where N is the number of QWs. When the diffusion current is negligible compared to the drift current, i.e., under sufficiently strong electric fields, the capture rate into the QW C and the current density j are related to each other by the equation
capture parameter tio of these numbers yields the current gain G. The obtained values of the current gain yield the macroscopic capture parameter p c which is calculated using the equation followed from that derived previously by Figure 4 shows the variation of p c -E dependence as the barrier thickness changes. The values of the capture parameter deduced from the experimental data by Rosencher et al. 34) are shown as well. It is seen that the p c -E relations (i.e., the functional dependences) calculated for c in the range 0.50-0.75 are close to those obtained experimentally. The value of c = 0.5 is accepted for basic calculations. This value corresponds to that inferred from experiments 20) for the QW structure with the symmetrical QWs. According to the plots of Fig. 4 , the reduction of the barrier thickness (QW structure period) leads a more smoother decrease in the calculated and measured values of the capture parameter with increasing electric field. The calculated capture parameter and its dependence on the electric field are also barriers (see, for example, ref. 35) .
A substantial reduction of the capture parameter with increasing electric field obtained both in experiments and MC modeling can be explained by the field-induced redistribution of electrons over their energies. As electric field increases, the fraction of the -electrons and, more importantly, the number of such electrons with energies ε < ε 0 , drop. This is seen in Figs. 5 and 6 where the fractions of the -, L-, and X-electrons versus the electric field for QWIPs with different periods are shown. The plots of the energy distributions of the -electrons for different electric fields shown in Fig. 7 clearly indicate this as well.
The dependence of the capture parameter dependence of p c on the QW structure period L seen in Fig. 4 is attributed to a large share of the electron reflection from the QWs in QWIPs with thinner barriers. However, in QWIPs with large distances between the QWs, the capture parameter can be an increasing function of the period 34, 36) (see below). Figure 8 shows that the average electron energy is fairly high in strong electric fields, although it is lower than that in the current gain in QWIPs with a smaller content of Al in the Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 10 M. RYZHII and V. RYZHII 5925 bulk material. Due to high values of the average electron energy, even in moderate electric fields the noise temperature can be rather high. 37) Hence, electron heating under the influence of an applied electric field can markedly affect not only the transport and capture characteristics of QWIP but also their noise performance.
Discussion
The p c -E dependences shown in Figs. 3 and 4 exhibit several shallow minima at certain values of the electric field. The existence of the minima may be attributed to the cascade emission of optical phonons by electrons during their flight across each barrier. In the cases when the optical phonon emission is a dominant scattering mechanism, the energy distribution of the -electrons is markedly stratified, thus the electrons have energies which differ from each other by the optical phonon energy ε 0 . Such a stratification can be seen from the energy-space distributions obtained in the MC simulations. 25) Features of the electron capture should occur at the resonant values of the electric field when the potential drop across the QW structure period V p = E L coincides with 
Conclusion
We calculated the vertical electron drift velocity and the macroscopic capture parameter in AlGaAs/GaAs multiple QWIPs as functions of applied electric field using the developed ensemble Monte Carlo particle model. The calculated dependences are in a good agreement with the available experimental data. It was shown that the vertical electron mobility and the saturation velocity in AlGaAs/GaAs QWIPs are markedly smaller than those in bulk AlGaAs. This effect is explained by the electron reflection from the QWs, particularly the classical reflection of the X-electrons from AlGaAs/GaAs heterointerfaces. A significant drop in the capture parameter with increasing electric field is attributed to the heating of free electrons in the continuum states and their redistribution over the conduction band valleys resulting in the decrease of the fraction of the -electrons with energies less than the optical phonon energy.
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cated by the nonuniformity of the electric field between the QWs due to the donor space charge in the barriers. The space charge in the barrier results in the deviation of the electric field from its average value E (the value of the applied electric field). This can strongly influence the electron transport and capture. In particular, the inclusion of the barrier spacecharge effect can explain the nonmonotonic behavior of the capture parameter as a function of the barrier thickness or the period 36) seen in experiments. 34) The electric potential oscillates as a function of the coordinate with the span of the potential variation of about φ = π eN d L b /2ae, where ae is the dielectric constant. For N d = 10 16 cm −3 and L b = 50 nm one obtains e φ 4.5 meV, while for the same donor concentration with L b = 100 nm one obtains e φ 18 meV. The latter value is on the same order of magnitude as the optical phonon energy. Hence, the nonuniformity of the potential in QWIPs with such barrier thicknesses can affect the capture processes. This signifies that the model employed is restricted ti applications to QWIPs which barrier thicknesses (periods) are not too large or QWIPs with very pure barriers.
kε 0 /e, where e is the electron charge and k is an integer. This results in the following resonance condition:
Using eq. (3) and assuming ε 0 = 38 meV, one can obtain E 1 = 12.7 and E 2 = 25.4 kV/cm for L = 30 nm, and E 1 = 6.9 and E 2 = 13.8 kV/cm for L = 55 nm. The electric fields corresponding to the minima obtained in the MC simulations coincide with the above data with an ac-
curacy corresponding to the smallness of the ratios k B T /ε 0 and L w /L. Higher resonances at strong electric fields are not seen in obtained field-dependences. This is explained by the smearing of the stratified distributions after several occurrences of inelastic electron scattering. In principle, the oscillation behavior of the capture parameter as a function of the electric field has the same origin (cascade emission of the optical phonons) as the oscillations of low-field mobility in QW structures when the energy of photogenerated electrons varies.
38)
The results obtained for the drift velocity and the capture parameter can be used to estimate the capture time τ c . For a QWIP with L = 55 nm we find that the capture time τ c > 10-20 ps for E ≥ 15 kV/cm (compare with the results by Duboz et al. 39 ) ) The calculated p c -E relations shown in Figs. 3 and 4 can be approximated by exponential functions p c ∝ exp(−E/E c ), where E c is the characteristic capture field. Such exponential approximation can be useful for driftdiffusion analytical and numerical models of QWIPs like those utilized in previous works. [6] [7] [8] [9] [10] 27) In the range E = 5-35 kV/cm from Fig. 4 , we obtain the estimate E c 6.8-7.3 kV/cm. In QWIPs with a large number of QWs, the dependence of the dark current on the applied electric field (i.e., on the bias voltage) is determined by the electricfield dependences of the rate of electron escape from QWs g = g(E) and the capture parameter p c = p c (E), namely, j dark = eg(E)/ p c (E). Assuming that at liquid nitrogen temperature the electron escape from QWs in dark conditions is associated primarily with thermoemission, 2, 40) for the thermoemission rate as a function of the electric field, one has 2, 32, 41) g ∝ exp(E/E g ). Here, the characteristic field E g is given by 41) E g = k B T /ea, where a 5L w /8. In this case where E −1
c . The electric-field dependences of the dark current obtained experimentally [42] [43] [44] for QWIPs made of AlGaAs/GaAs heterostructures at T = 77 K in the range of the electric fields E > 5 kV/cm correspond to eq. (4) with E gc 5 kV/cm. Considering that for L w = 5-7 nm, one obtains E g 15-21 kV/cm, we find E c = E g E gc /(E g − E gc ) 6.5-7.5 kV/cm to be in excellent agreement with our MC calculations (see the above estimates for E c obtained from Fig. 4) . The smallness of the characteristic capture field E c compared with the field E g characterizing the electron thermoemission from the QWs reveals the crucial role of the capture processes in the formation of the QWIP currentvoltage characteristics.
In QWIPs with relatively large barrier thicknesses (L b > 50-100 nm) the transport of free electrons can be compli-
